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INTRODUCTION 

I n  prev ious work (1,2), a l a r g e  se t  o f  c o a l s  was py ro l yzed  under t h e  same 
cond i t i ons ,  and i t  was observed t h a t  t h e r e  was a systemat ic  v a r i a t i o n  i n  cha r  
r e a c t i v i t y  w i t h  coal  rank as i n d i c a t e d  by t h e  oxygen con ten t  i n  t h e  raw coa l .  
c u r r e n t  paper extends t h a t  s tudy t o  i n c l u d e  t h e  e f f e c t s  o f  m i n e r a l s  on r e a c t i v i t y  
d i f ferences from these coals .  
a l though se lec ted  data on r e a c t i v i t y  i n  carbon d i o x i d e  a r e  presented. 

The prev ious papers (1-3) have a l so  addressed t h e  e f f e c t s  o f  p y r o l y s i s  c o n d i t i o n s  
( temperature and hea t ing  r a t e )  and char  phys i ca l  p r o p e r t i e s  ( s u r f a c e  area, 
r e s i s t i v i t y ,  c r y s t a l l i t e  s i z e )  on char  r e a c t i v i t y .  
f o r  l ow  rank c o a l s  t h e  r e a c t i v i t y  was p r i m a r i l y  dependent on t h e  e x t e n t  o f  
p y r o l y s i s  as measured by t h e  char  hydrogen ( o r  oxygen) con ten t  and r e l a t i v e l y  
independent o f  t h e  t ime- temperature h i s t o r y .  
noted t h a t  t h e  same conc lus ion  w i t h  respec t  t o  hea t ing  r a t e  cou ld  n o t  be made f o r  
deminera l ized l o w  rank c o a l s  o r  medium and h igh  rank coals .  The c u r r e n t  paper 
r e v i s i t s  t he  sub jec t  o f  p y r o l y s i s  c o n d i t i o n s  w i t h  a d d i t i o n a l  data and a l s o  
reexamines ou r  prev ious conc lus ion  t h a t  d i f f e r e n c e s  i n  BET su r face  areas, as 
measured by C02 o r  N2 adso rp t i on ,  are n o t  p r i m a r i l y  respons ib le  f o r  l a r g e  
d i f f e r e n c e s  i n  r e a c t i v i t y  between chars py ro l yzed  under s i m i l a r  c o n d i t i o n s .  

The 

Most o f  t h e  work concerns r e a c t i v i t y  i n  oxygen, 

The main conc lus ions  were t h a t  

Based on l i m i t e d  data,  i t  was a l s o  

EXPERIMENTAL 

Char P repara t i on  - The chars used i n  t h i s  s tudy were p r i m a r i l y  formed from coa ls  
i n  the  Argonne premium coa l  sample bank. The analyses o f  these c o a l s  have been 
g iven elsewhere ( 4 ) .  The r e s u l t s  f o r  CO2 r e a c t i v i t y  were f o r  c o a l s  se lec ted  from 
the  Exxon sample bank. The Argonne samples 
were 200 x 325 mesh. The Exxon samples were -100 mesh. I n  a d d i t i o n ,  a 200 x 325 
mesh sample o f  Zap I n d i a n  Head l i g n i t e  was used f o r  c a t i o n  l oad ing .  
o f  t h i s  coal a re  g i ven  i n  Ref. 1. Chars were prepared a t  low h e a t i n g  r a t e s  (1- 
200aC/min) by  p y r o l y s i s  i n  a Perk in  Elmer Model 2 Thermograv imetr ic  Analyzer  (TGA) 
o r  a Bomem TG/Plus. 
100 FT-IR spectrometer (6,7). Chars were prepared a t  h ighe r  h e a t i n g  r a t e s  (5000 - 
20,000 K/s) i n  an en t ra ined  f l o w  r e a c t o r  (EFR) o r  a heated tube r e a c t o r  (HTR) which 
have been d iscussed p r e v i o u s l y  (8 ) .  

Coal M o d i f i c a t i o n s  - I n  o rde r  t o  f u r t h e r  understand t h e  r o l e s  p layed  by t h e  ion-  
exchangeable c a t i o n s  on char  r e a c t i v i t y ,  a 200 x 325 mesh s ieved f r a c t i o n  o f  Zap 
Ind ian  Head, demine ra l i zed  accord ing t o  t h e  s tandard Bishop and Ward ( 9 )  
technique,  was subjected t o  ion-exchange w i t h  Ca, My, K, and Na us ing  a 
m o d i f i c a t i o n  of t he 'p rocedure  by Hengel and Walker (10) .  
onto t h e  deminera l ized Zap l i g n i t e  was c o n t r o l l e d  by u s i n g  d i f f e r e n t  mo la r  
s o l u t i o n s  of t h e  ace ta te  s a l t .  
and 0.05M ace ta te  s a l t  s o l u t i o n s  were employed. 

These coa ls  a r e  desc r ibed  i n  Ref. 5. 

The p r o p e r t i e s  

The TG/Plus couples a Dupont 951 TGA w i t h  a Bomem Michelson 

The amount ion-exchanged 

I n  t h e  case o f  Ca, 1.5M. l .OM, 0.5M, 0.3M, o.lM, 
I n  t h e  case o f  Mg, 1.5M and 0.05M 
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aceta te  s a l t  s o l u t i o n s  were employed. I n  t h e  case o f  K, 1.5M, 0.3M, O. lM,  and 
O.04M aceta te  s a l t  s o l u t i o n s  were employed and i n  t h e  case o f  Na, 1.5M, 0.3M, 0.1M 
and 0 . W ~  ace ta te  s a l t  s o l u t i o n s  were used. 
Zap and 125 m l  o f  t h e  des i red  load ing  s o l u t i o n  was s t i r r e d  a t  57°C f o r  5 1 /2  hours. 
The s o l u t i o n  was a l lowed t o  coo l  t o  room temperature and s t i r r i n g  was cont inued f o r  
an add i t i ona l  22 1 /2  hours. The s l u r r y  was f i l t e r e d ,  washed w i t h  de ion i zed  water 
and d r i e d  a t  105OC i n  a vacuum oven f o r  approx imate ly  two hours. The amount o f  
c a t i o n  exchanged was determined by x-ray ana lys i s .  

R e a c t i v i t y  Measurements - I n i t i a l  char r e a c t i v i t y  measurements were made us ing  the  
iso thermal  techn ique developed a t  Pennsylvania S ta te  U n i v e r s i t y  (11). 
method, the  cha r  i s  heated i n  a TGA i n  n i t r o g e n  t o  t h e  des i red  temperature,  u s u a l l y  
400-5OO0C. 
our  char c h a r a c t e r i z a t i o n  work, we had d i f f i c u l t y  app ly ing  the  iso thermal  
techniques t o  chars  formed over a wide range o f  cond i t i ons .  A tempera ture  l e v e l  
se lec ted  f o r  one cha r  was inapprop r ia te  f o r  another. I n  o rder  t o  overcome t h i s  
d i f f i c u l t y ,  a non- isothermal technique was developed us ing  a Perkin-Elmer TGA 2 
(3).  The sample (about  1.5 mg) i s  heated i n  a i r  a t  a r a t e  o f  30"C/min u n t i l  a 
temperature o f  900°C i s  reached. The TGA records  t h e  sample weight con t inuous ly  
and, a t  t he  end o f  t h e  exper iment,  t he  weight and d e r i v a t i v e  are  p l o t t e d .  The 
temperature (Tcr) a t  which t h e  d e r i v a t i v e  o f  t he  f r a c t i o n a l  we igh t  loss  w i t h  
respec t  t o  t ime  reaches a va lue  o f  0.11 w t .  f r a c t i o n / m i n  was chosen as an index  o f  
r e a c t i v i t y .  
technique and a good c o r r e l a t i o n  was observe4 ( 3 ) .  
i n v e r s e l y  w i t h  r e a c t i v i t y .  
us ing  an a c t i v a t i o n  energy o f  34.7 kca l /mo le  f o r  a i r  (3 ) .  

Surface Area Determinat ions  - The sur face  areas repo r ted  i n  t h i s  paper have been 
ob ta ined a t  Brown U n i v e r s i t y  us ing  a Quantasorb i ns t rumen t ,  manufactured by 
Quantachrome, Inc. The sample c e l l  i s  immersed i n  l i q u i d  N2 f o r  N2 adso rp t i on  o r  a 
d r y  ice-acetone ba th  a t  -7B°C, f o r  CO2 adsorp t ion .  Determinat ions  o f  sur face  area 
f rom the  s o r p t i o n  d a t a  have been made us ing  c l a s s i c a l  BET theory ;  t y p i c a l l y  t h r e e  
p o i n t s  have been taken  a t  va lues  of  (P/Po) o f  0.1, 0.2, and 0.3. 

Swe l l i ng  Measurements - So lvent  swe l l i ng  measurements were made us ing  the  
techniques developed by Larson and coworkers (12 )  t o  determine the  c r o s s l i n k  
d e n s i t i e s  o f  se lec ted  coa ls  and chars. 

A s l u r r y  o f  5 grams o f  deminera l i zed  

I n  t h i s  

The t i m e  f o r  50% burnoff ,  To .5 ,  i s  used as t h e  r e a c t i v i t y  index. I n  

Th is  was compared w i t h  t h e  TO 5 va lues  measured by t h e  iso thermal  
The va lue  o f  Tcr v a r i e s  

Values o f  r e l a t i v e  r e a c t i v i t y  can be c a l c u l a t e d  by 

RESULTS AND DISCUSSION 

R e a c t i v i t y  vs Rank - A sys temat ic  s tudy  o f  t h e  v a r i a t i o n  o f  r e a c t i v i t y  w i t h  coa l  
rank  was performed and repo r ted  F rev ious l y  f o r  severa l  o f  t he  Exxon coa ls  (1,2). 
Recent ly,  t h e  same s tudy  was done f o r  coa ls  f rom the  Argonne premium sample bank. 
F igu re  1 presents  a c o r r e l a t i o n  between the  r e a c t i v i t y  o f  char produced i n  t h e  TGA 
by heat ing  i n  n i t r o g e n  a t  30°C/min t o  900°C and the  d a f  oxygen con ten t  i n  the  
parent  coal .  The open squares a re  r e s u l t s  ob ta ined f o r  raw coa ls ,  t h e  s o l i d  
t r i a n g l e s  show the  r e s u l t s  f o r  deminera l i zed  coals.  For raw coa ls  t h e r e  i s  a 
decrease i n  r e a c t i v i t y  w i t h  i nc reas ing  rank, as was found p r e v i o u s l y  f o r  t he  Exxon 
coa ls .  I n  t h e  case o f  t h e  Exxon coa ls ,  t h e  r e a c t i v i t y  i n  C02 was a l s o  s tud ied  f o r  
chars  which were heated a t  30"C/min t o  100O'C. 
w i t h  rank. Th is  was conf i rmed by p l o t t i n g  t h e  Tcr i n  C02 vs t h e  Tc r  i n  a i r ,  as  
shown i n  Fig. 2. 

Jenkins e t  a l .  (13) compared t h e  r e a c t i v i t i e s  i n  a i r  a t  5OO0C o f  chars  from 21  US 
Coals Of w i d e l y  rang ing  rank  which had been prepared by hea t ing  a t  10°C/min t o  

These da ta  showed s i m i l a r  t rends  i 
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t .  

1000°C and h o l d i n g  f o r  about two hours. These c o n d i t i o n s  were s i g n i f i c a n t l y  more 
severe than those used i n  t h e  c u r r e n t  study. Nevertheless,  t h e  observed t r e n d  i n  
r e a c t i v i t y  w i t h  rank  was s i m i l a r .  
f a c t o r  of 170. The range o f  r e a c t i v i t i e s  observed i n  t h e  cu r ren t  s tudy  Was a 
fac to r  o f  380. Besides t h e  f a c t  t h a t  t h e i r  coa l  s e t  was d i f f e r e n t ,  t he  lower  
spread i n  r e a c t i v i t i e s  observed by Jenk ins  e t  a l .  (13)  was probab ly  due t o  the  f a c t  
t h a t  the  h igher  p y r o l y s i s  s e v e r i t y  causes annea l ing  o f  t he  organ ic  p a r t  o f  t he  char  
and s i n t e r i n g  o f  t h e  c a t a l y t i c  m ine ra l s  which tend t o  even out t he  d i f f e r e n c e s  i n  
r e a c t i v i t y .  
l e v e l s  o f  b u r n o f f  t han  i n  our  own measurements which a re  done a t  r e l a t i v e l y  low 
burnof f  l e v e l  ( e l O % ) .  Th is  work a t  Penn S t a t e  was l a t e r  con t inued t o  s tudy  t h e  
r e a c t i v i t y  o f  chars  toward CO2 (14)  and H20 (15). The chars  were produced i n  the  
Same way bu t  t h e  r e a c t i v i t y  measurements were done a t  a h igher  temperature (900°C). 
I n  bo th  cases the  observed t rends  i n  r e a c t i v i t y  w i th  rank were s i m i l a r  t o  those 
found i n  a i r .  

Other major s tud ies  o f  t he  e f f e c t s  o f  coa l  rank on cha r  r e a c t i v i t y  i n  steam have 
been done i n  Japan by Takarada e t  a l .  ( 1 6 )  and Hashimoto e t  a l .  (17) .  These 
s tud ies  covered c o a l s  f rom a l l  over  the  wor ld  so t h e  r e s u l t s  were more sca t te red ,  
e s p e c i a l l y  f o r  t h e  low rank  coa ls ,  bu t  t he  t rends  w i t h  rank were s i m i l a r .  
r e a c t i v i t y  ranges found were x 46 and x 170, respec t i ve l y .  I n  bo th  s tud ies  the  
chars were prepared by hea t ing  a t  a r e l a t i v e l y  h igh  hea t ing  ra te .  

Effects o f  Minera l s  on Low Rank Coals - Since i t  i s  known t h a t  m ine ra l s  can have a 
profound e f f e c t  on r e a c t i v i t y  (11,13-17,19-23) i t  was decided t o  repeat  t h e  
r e a c t i v i t y  t e s t s  on chars  formed from deminera l i zed  coals.  These r e s u l t s  a re  shown 
as the  s o l i d  t r i a n g l e s  i n  F ig .  1. While, t h e  t r e n d  f o r  t he  raw samples i s  an 
increase i n  r e a c t i v i t y  (decreas ing  Tcr) w i t h  i nc reas ing  coal  oxygen conten t ,  t he  
s lope f o r  t h e  deminera l i zed  samples seems t o  f l a t t e n  ou t  a t  approx imate ly  52OOC. 
Above 10% coa l  oxygen conten t ,  t h e  minera l  con ten t  o f  t h e  coal  dominates t h e  char 
r e a c t i v i t y ,  i nc reas ing  t h e  c h a r ' s  r e a c t i v i t y  ( l ower  Tcr) compared t o  the  
demineral ized samples. The reason f o r  t h i s  inc rease appears t o  be t h e  c a t a l y t i c  
a c t i v i t y  o f  t he  o r g a n i c a l l y  bound a l k a l i  meta ls ,  p a r t i c u l a r l y  t h e  Ca s ince  i t  i s  
n a t u r a l l y  abundant i n  coa ls .  Below 10% oxygen conten t ,  t h e  raw coa ls  have a lower  
r e a c t i v i t y  ( h i g h e r  Tcr) t han  the  deminera l i zed  samples. Poss ib le  reasons f o r  t h i s  
a re  discussed below. 

I n  order t o  asce r ta in  why t h e r e  i s  a sys temat ic  inc rease i n  r e a c t i v i t y  w i th  coal  
oxygen conten t  when r e a c t i v i t y  i s  thought t o  depend on ca lc ium conten t ,  t h e  
ca lc ium concen t ra t i on  o f  coa ls  f rom the  Exxon sample bank were p l o t t e d  as a 
func t i on  of oxygen concen t ra t i on  i n  Fig. 3. Above 10% oxygen, t h e r e  i s  a 
systemat ic i nc rease  i n  Ca w i t h  i nc reas ing  oxygen. Ten percent i s  about t h e  l e v e l  
a t  which carboxy l  groups appear i n  coal (18) .  Th is  suggests t h a t ,  above 10% oxygen 
conten t ,  t h e r e  i s  a sys temat ic  inc rease i n  the  amount o f  ca lc ium ion-exchanged on 
t h e  carboxyl  groups and i t  i s  t h i s  ca lc ium component which ac ts  as a c a t a l y s t .  
Other researchers  have a l s o  observed a r e l a t i o n s h i p  between ca lc ium conten t  and 
r e a c t i v i t y  (11,13-17,19-23). 

Chars were prepared from t h e  c a t i o n  loaded coa ls  by hea t ing  i n  N2 a t  30"C/min t o  
900°C and these were sub jec ted  t o  the  non- isothermal r e a c t i v i t y  t e s t  i n  a i r .  The 
char f rom deminera l i zed  Zap coa l  i s  f a r  l e s s  r e a c t i v e  (h ighe r  Tcr) than t h e  raw 
Zap char. 
o r g a n i c a l l y  bound a l k a l i  me ta l s  which a re  thought  t o  dominate char  r e a c t i v i t y  i n  
coa ls  possessing more than 10% oxygen. 
r e s u l t  i n  the  r e s t o r a t i o n  o f  char  r e a c t i v i t y .  

The range o f  r e a c t i v i t i e s  they  observed was a 

They were a l so  comparing chars  which had been ox id i zed  t o  h ighe r  

The 

As discussed above, t h i s  i s  p robab ly  due t o  t h e  removal o f  t he  

I f  t h i s  i s  t r u e ,  then c a t i o n  l o a d i n g  should 
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P l o t t e d  i n  F ig .  4 i s  t he  v a r i a t i o n  o f  r e a c t i v i t y  w i t h  t h e  c a t i o n  load ings .  The Ca 
and Mg load ings  e f f e c t i v e l y  res to red  the  r e a c t i v i t y  o f  t h e  deminera l i zed  Zap. I n  
the  case of  Ca, the  o n l y  s i g n i f i c a n t  change i n  r e a c t i v i t y  occurs when the  Ca l e v e l  
increases from t h e  0.01 w t %  i n  t h e  raw deminera l i zed  Zap t o  1.65 w t %  i n  t h e  0.05M 
load ing .  Fu r the r  inc reases  i n  Ca do no t  cause any marked increases  i n  r e a c t i v i t y .  
The low Na and K l oad ings  were so e f f e c t i v e  i n  promot ing the  deminera l i zed  Zap char  
r e a c t i v i t y  t h a t  t he  loaded samples y i e l d e d  va lues  o f  Tcr  t h a t  were 45°C and 3OoC 
respec t i ve l y  l e s s  than  the  Tc r  o f  t h e  raw Zap char  i t s e l f .  
however, bo th  Na and K l o s t  t h e i r  a b i l i t y  t o  i nc rease  char  r e a c t i v i t y  ( lower  t h e  
Tcr) and a c t u a l l y  demonstrated h inde r ing  e f f e c t s .  The h ighes t  Na and K load ings  
gave values o f  Tcr which were h igher  by 129OC and 85'C, respec t i ve l y ,  than the  
deminera l i zed  Zap sample. 

We are  no t  aware o f  p rev ious  work which shows a s a t u r a t i o n  o r  h i n d e r i n g  e f f e c t  f o r  
ion-exchanged c a t i o n s ,  a l though most o f  t h i s  work has been done i n  steam o r  a t  l ow  
load ings  i n  a i r .  Fo r  example, t he  work o f  Hippo e t  a l .  (23)  i n d i c a t e d  t h a t  
r e a c t i v i t y  i n  steam increased l i n e a r l y  t o  r e l a t i v e l y  h igh  loadings. However, i t  i s  
poss ib le  t h a t  these e f f e c t s  may on ly  be ev ident  a t  t h e  lower temperatures used f o r  
t h e  r e a c t i v i t y  measurements i n  a i - .  Surface area measurements were done o f  t h e  raw 
and ca t ion- loaded samples i n  these cases. However, s i g n i f i c a n t  d i f f e r e n c e s  were 
n o t  observed. Consequently, t he  h inde r ing  e f f e c t  must man i fes t  i t s e l f  e i t h e r  
du r ing  the  char  fo rma t ion  process o r  t he  g a s i f i c a t i o n  process. It i s  planned t o  
check the  f i r s t  p o s s i b i l i t y  by do ing  p y r o l y s i s  exper iments w i t h  ca t ion- loaded 
samples i n  a r e a c t o r  which can handle samples which a re  l a r g e  enough t o  a l l o w  
sur face  area  measurements on the  r e s u l t a n t  char.  The second p o s s i b i l i t y  w i l l  be 
i nves t i ga ted  by do ing  temperature programmed desorp t i on  ( T P D )  exper iments on chars 
produced from raw, ca t ion- loaded and deminera l i zed  coa ls .  

A model was developed t o  p r e d i c t  t he  i n t r i n s i c  r e a c t i v i t y  (Tcr)  o f  char  based on 
ca lc ium con ten t  f o r  coa ls  g r e a t e r  than 10% oxygen, w h i l e  ho ld ing  t h e  ex ten t  o f  
p y r o l y s i s  and hea t ing  r a t e  constant.  For a standard t e s t :  

Wi th  h ighe r  load ings ,  

Tcr = 520 t u (Ca wt% - ( B  * carbonate) )  (1) 

where, 520 represents  the  approximate Tcr f o r  deminera l i zed  coa ls ,  a i s  t he  s lope 
from t h e  p l o t  o f  Tc r  vs Ca w t %  i n  F ig .  4a, B i s  a cons tan t  and t h e  carbonate 
va lue  i s  t h a t  ob ta ined  from q u a n t i t a t i v e  FT-IR ana lys i s .  

F igu re  5a d i s p l a y s  t h e  c o r r e l a t i o n  between ac tua l  Tcr and p red ic ted  Tcr w i t h  
B = 0. 

ac t i ve ,  a much b e t t e r  c o r r e l a t i o n  i s  ob ta ined when c a l c i t e  c o r r e c t i o n s  a re  i nc luded  
i n  themode l  (F ig .  5b).  I n c l u d i n g  m ine ra l s  such as Mg, Na, o r  K i n  the  c o r r e l a t i o n  
d i d  no t  n o t i c e a b l y  improve the  p red ic t i ons .  

I n  order t o  b e t t e r  understand why t h e  o r g a n i c a l l y  bound Ca o f f e r s  c a t a l y t i c  
a c t i v i t y  and c a l c i t e  does no t ,  SEM Ca do t  maps were done f o r  a ca l c ium loaded 
deminera l i zed  Zap c o a l  and an Exxon sample which, f rom F T - I R  ana lys i s ,  was known 
t o  be abundant i n  c a l c i t e .  The maps i n d i c a t e d  t h a t  t he  o r g a n i c a l l y  bound Ca i s  
very  w e l l  d i s t r i b u t e d  th roughout  the  Zap coa l  w h i l e  t h e  c a l c i t e  i n  t h e  Exxon coal  
e x i s t s  i n  l a r g e  c l u s t e r s .  Th i s  i s  cons i s ten t  w i t h  t h e  f a c t  t h a t  t h e  Ca i n  t h e  
c a l c i t e  form i s  no t  n e a r l y  as e f f e c t i v e  as a c a t a l y s t  when compared t o  t h e  i o n -  
exchanged Ca. Radovic e t  a l .  (21)  have c l e a r l y  shown t h e  e f f e c t  o f  Ca d i s p e r s i o n  
On r e a c t i v i t y .  However, i t  i s  a l so  t r u e  t h a t  even i f  t h e  c a l c i t e  were w e l l -  
d i s t r i b u t e d ,  i t  may no t  promote g a s i f i c a t i o n  reac t ions .  

Since i t  i s  t h e  o r g a n i c a l l y  bound Ca which i s  thought t o  be c a t a l y t i c a l l y  

' I  
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Ef fec ts  o f  Minerals on High Rank Coals - A s u r p r i s i n g  r e s u l t  f rom t h e  s t u d i e s  on 
chars  produced from deminera l i zed  coa ls  was t h e  f a c t  t h a t  t he  r e a c t i v i t y  o f  t he  
chars  from deminera l i zed  h igh  rank coa ls  inc reased (see Fig.  1 ) .  Th is  has been 
observed p rev ious l y  i n  work a t  Penn S ta te  and elsewhere (13-15, 24-26) and has been 
exp la ined based on the  f a c t  t h a t  t he  demine ra l i za t i on  process removes m ine ra l s  
which b lock  pores and increases  the  access ib le  sur face  area o f  t h e  r e s u l t a n t  chars  
(26).  
does no t  change enough t o  e x p l a i n  the  l a r g e  d i f f e r e n c e s  i n  r e a c t i v i t y  observed f o r  
some of t he  coa ls .  The d i f f e r e n c e  i n  Tcr 
of  51OOC vs 640°C represents  a d i f f e r e n c e  i n  r e a c t i v i t y  o f  a f a c t o r  o f  25, w h i l e  
surface area d i f f e r e n c e s  were o n l y  about a f a c t o r  o f  5 (see below).  It was a l s o  
observed t h a t  t he  deminera l i zed  Upper Freepor t  coal  was no l onger  f l u i d .  Th is  
suggested t h a t  t he  demine ra l i za t i on  process may in t roduce  c r o s s l i n k s  i n t o  the  
coal .  A poss jb le  reason i s  t h e  r e t e n t i o n  o f  c h l o r i n e  i n  the  form o f  HC1 f rom t h e  
demine ra l i za t i on  process. Previous r e p o r t s  o f  t h i s  phenomena i n c l u d e  the  work of 
Macrae and Oxtoby (27-28) who observed t h a t  t h e  uptake o f  smal l  amounts o f  c h l o r i n e  
by a s t r o n g l y  cak ing  coal  comple te ly  des t royed i t s  cok ing  p roper t i es .  
found t h a t  t h e  char  produced from t h e  c h l o r i n a t e d  coa l  had a more d i so rde red  
s t r u c t u r e  and h igher  sur face  area. A separate study by P i c h i n  (29)  found t h a t  
p y r o l y s i s  o f  c h l o r i n a t e d  coa ls  does no t  produce c h l o r i n a t e d  t a r s  b u t  o n l y  HC1 and 
reduced amounts o f  v o l a t i l e  mat te r .  Mahajan and Walker (26)  c i t e d  these two 
s tud ies  as i n d i c a t i n g  t h a t  c h l o r i n a t i o n  w i l l  produce a highep su r face  area  and 
hence h igher  r e a c t i v i t y  char. We b e l i e v e  i t  i s  the  e f f e c t  o f  t he  c h l o r i n e  on the  
molecu la r  o rder  which i s  u l t i m a t e l y  more impor tan t .  

It was v e r i f i e d  t h a t  t h e  demine ra l i za t i on  process inc reased t h e  su r face  area  o f  t he  
r e s u l t a n t  char  from the  Upper Freepor t  coa l  when measured by N2 o r  CO2 adsorp t ion .  
The Upper Freepor t  char  prepared from the  raw coal  had surface areas o f  1.2 and 27 
mz/g fo r  N2 and C02. respec t i ve l y .  
deminera l i zed  coal had sur face  areas of  3.7 and 134 f o r  N2 and C02, respec t i ve l y .  
Assuming t h a t  these areas are  re levan t ,  t hey  on ly  represent  about a f a c t o r  o f  f i v e .  
The o the r  f a c t o r  o f  f i v e  must be due t o  d i f f e r e n c e s  i n  the  mo lecu la r  o r d e r  ( a c t i v e  
s i t e  concent ra t ion) .  It i s  a l s o  t r u e  t h a t  t h e  BET sur face  area  may o v e r s t a t e  t h e  
importance o f  surface area and t h a t  t he  molecu la r  o rde r  may be even more impor tan t .  
O f  course, i t  i s  t rue ,  as noted by Walker (30) ,  t h a t  t h e  m i c r o p o r o s i t y  (wh ich  i s  
measured by C02 su r face  area) i s  i n t i m a t e l y  r e l a t e d  t o  the  molecu la r  o rde r ,  so i t  
i s  hard t o  separate these two e f f e c t s .  

I n  o rder  t o  examine the  poss ib le  r o l e  o f  c h l o r i n e  on molecu la r  o rde r  we heated the  
deminera l i zed  coal  a t  30"C/min i n  a TG-FTIR which can mon i to r  t he  e v o l u t i o n  o f  
v o l a t i l e  products.  We found .evo lu t i on  o f  HC1 i n  the  temperature range o f  250 - 
300"C, which was no t  found f o r  t h e  raw coa l .  The analyses o f  c h l o r i n e  f o r  t h e  
Argonne coa ls  a l so  i nd i ca ted  t h a t  t h e  Upper Freepor t  was t h e  o n l y  coa l  i n  the  
Argonne set w i t h  a zero c h l o r i n e  content.  Th i s  i s  cons i s ten t  w i t h  t h e  f a c t  t h a t  
t he  l a r g e s t  inc rease i n  r e a c t i v i t y  was observed i n  t h i s  coal which would be the  
most s e n s i t i v e  t o  c h l o r i n e  contaminat ion.  A t h i r d  t e s t  o f  t h i s  hypothes is  was t o  
examine the  so l ven t  s w e l l i n g  da ta  f o r  t he  raw and deminera l i zed  Upper F reepor t  coa l  
and t h e i r  respec t i ve  chars  produced a t  400"C, where maximum s w e l l i n g  i s  u s u a l l y  
observed. 

The swe l l i ng  measurements a re  somewhat ambiguous on con f i rma t ion  o f  c ross1 ink ing .  
The r e s u l t s  a re  shown i n  Table 1. The raw s w e l l i n g  da ta  are shown as w e l l  as the  
value normal ized t o  t h e  s t a r t i n g  coa l  ( l - , Y ) .  
demineral ized coa l  has about the  same s w e l l i n g  r a t i o  as t h e  char  produced from t h e  
raw coa l .  

There are  da ta  which support  t h i s  inc rease i n  su r face  area. However, it 

The best example i s  t h e  Upper Freepor t .  

They a lso  

The Upper Freepor t  char prepared from a 

The char  produced from t h e  

However, t h e  process o f  demine ra l i za t i on  increased the  s w e l l i n g  r a t i o  o f  
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t h e  s t a r t i n g  coa l ,  wh ich  i s  why the  normal ized r a t i o s  show a s i g n i f i c a n t  reduc t i on  
i n  s w e l l i n g  f o r  t he  cha r  f rom t h e  deminera l i zed  coa l  r e l a t i v e  t o  the  char  f rom t h e  
raw coa l .  These r e s u l t s  w i l l  r e q u i r e  f u r t h e r  study. The p a r t i c l e  s i z e  f o r  t he  
deminera l i zed  sample was sma l le r  which may have a f f e c t e d  the  s w e l l i n g  measurements. 
It should a l s o  be no ted  t h a t  t h e  swe l l i ng  measurements f o r  t h e  raw coal  were done 
on a sample f rom t h e  sealed ampoules wh i l e  t h e  deminera l i zed  coa l  was prepared 
from a b u l k  sample rece ived  from Kar l  Vorres which was n o t  sub jec t  t o  t h e  same 
hand l ing  procedures. These measurements w i l l  be repeated on raw and deminera l i zed  
samples prepared f rom t h e  same s t a r t i n g  m a t e r i a l .  

Besides i t s  p o s s i b l e  r o l e  i n  low temperature c r o s s l i n k i n g ,  i t  has been observed by 
Macrae and Oxtoby (27-28)  t h a t  c h l o r i n e  i n h i b i t s  t h e  h igh  temperature 
g r a p h i t i z a t i o n  process. 
observed enhanced r e a c t i v i t y  f o r  chars from a n t h r a c i t e s  which had been ch lo r i na ted .  
I t i s  known t h a t  i m p u r i t i e s  can produce d i s l o c a t i o n s  which p e r s i s t  even a t  very  
h i g h  heat t rea tmen t  tempera tures  (32).  

Th i s  would exp la in  t h e  r e s u l t s  o f  Almagro (31)  who 

The Role o f  Molecu la r  Order i n  Char R e a c t i v i t y  - The r e s u l t s  f o r  t he  Upper 
FreeDort .  where h i q h e r  r e a c t i v i t y  was assoc ia ted  w i t h  l o s s  o f  f l u i d i t y ,  i n d i c a t e d  
t h a t '  f u r t h e r  study-was needed o f -  t he  importance o f  mo lecu la r  o rde r  on- r e a c t i v i t y .  
One method o f  i n f l u e n c i n g  t h e  molecu la r  o rde r  i n  t h e  case o f  f l u i d  coa ls  i s  t o  
change t h e  p y r o l y s i s  hea t ing  ra te .  We d i d  a s e r i e s  o f  exper iments where chars  were 
produced by hea t ing  a t  1, 30 o r  200°C/min t o  900°C. The chars  were then he ld  a t  
900°C f o r  2 hours  t o  even ou t  t h e  e f f e c t s  o f  t he  amount o f  t ime  spend a t  lower  
temperatures. These r e s u l t s  a re  shown i n  Table 2. There appears t o  be a monotonic 
t r e n d  o f  decreas ing  r e a c t i v i t y  ( i n c r e a s i n g  Tcp) w i t h  decreas ing  hea t ing  r a t e  i n  
cases 1, 2, and 3. 
r e a c t i v i t i e s  a t  2OO"C/min and 30"C/min were unvarying. 
e a r l i e r  work on low rank  coa ls  which showed no e f f e c t  o f  hea t ing  r a t e  i n  t h e  range 
o f  30"C/min t o  20,0OO0C/s. 
l " C / m i n .  The r e s u l t s  f o r  case #3 ( P i t t s b u r g h  chars )  i n d i c a t e d  an approximate 13°C 
increase i n  Tcr as t h e  r a t e  decreased from EOO°C/min t o  30"C/min and an approximate 
10°C decrease as the  r a t e  f u r t h e r  decreased from 30"C/min t o  l"C/min. The l a t t e r  
e f f e c t  i s  c l o s e s t  t o  the  r e p r o d u c i b i l i t y  o f  t h e  measurements. For  case #4 (Rosebud 
cha rs ) ,  no obv ious  t r e n d s  were observed. 

Add i t i ona l  r e s u l t s  f rom exper iments done over an even w ider  range o f  hea t ing  r a t e s  
are  shown i n  F igs .  6 and 7. F igu re  6 i s  t he  same as F ig .  1 except t h a t  a d d i t i o n a l  
r e a c t i v i t y  d a t a  a re  p l o t t e d  f o r  chars  produced i n  an en t ra ined  f l o w  r e a c t o r  a t  
1100°C i n  which t h e  h e a t i n g  r a t e  was ~ 1 0 , 0 0 0  K/s and the  t o t a l  res idence time-0.5 
s. This t rea tment  produces a char  w i t h  n e a r l y  t h e  same d a f  H conten t  as heat ing  i n  
t h e  TGA fo r  30°C/min t o  900OC. The l a t t e r  t rea tment  i s  somewhat more severe which 
may exp la in  some o f  t h e  observed d i f f e rences ,  p a r t i c u l a r l y ,  f o r  raw low rank coa ls  
where r e a c t i v i t y  does appear t o  depend much on hea t ing  ra te .  However, t h i s  p l o t  
shows s i g n i f i c a n t  d i f f e r e n c e s  i n  r e a c t i v i t y  f o r  t h e  h ighe r  rank coa ls  w i t h  hea t ing  
ra te ,  p a r t i c u l a r l y  f o r  t h e  P i t t s b u r g h  and Upper Freepor t  coa ls  which a re  t h e  most 
f l u i d .  F igu re  7 shows t h a t  t h e r e  i s  a hea t ing  r a t e  e f f e c t  f o r  deminera l i zed  Zap 
Coal a t  lower  e x t e n t s  o f  p y r o l y s i s  bu t  t h a t  t h i s  appears t o  be l o s t  as t h e  hydrogen 
con ten t  i s  reduced below 2%. 
even l e s s  r e a c t i v e  than  t h e  average o f  r e s u l t s  f o r  t h e  raw P i t t s b u r g h  No. 8 and 
Kentucky No. 9 b i tuminous  coa ls  i n d i c a t e d  by t h e  dashed l i n e .  

Sumnary - The r e s u l t s  t o  da te  can be summarized as f o l l o w s :  
Previous workers (20,26,30,33) t h a t  t he  key f a c t o r s  i n  de termin ing  the  r e a c t i v i t y  
d i f f e rences  between cha rs  produced from va r ious  coa ls  under t h e  same c o n d i t i o n s  

For case #1 and #2 (Zap a i d  deminera l i zed  Zap chars )  t h e  
Th is  was cons is ten t  w i t h  

However, t he  Tcr inc reased by approx imate ly  20°C a t  

It i s  i n t e r e s t i n g  t h a t  t h e  deminera l i zed  Zap was 

we agree w i t h  
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are :  
concent ra t ion ,  2 )  t h e  a c c e s s i b i l i t y  o f  r e a c t i v e  gases t o  t h e  a c t i v e  s i t e s ,  and 3) 
t he  concen t ra t i on  and d i spe rs ion  o f  i no rgan ic  species present which a c t  as s p e c i f i c  
carbon g a s i f i c a t i o n  ca ta l ys ts .  

However, we would ma in ta in  t h a t  t he  emphasis on sur face  area (20,26,30,33) has 
o f t e n  been misp laced and t h a t  mo lecu la r  o rde r  i s  a t  l e a s t  as impor tan t .  
aspect has o f t e n  been over looked because the  molecu la r  o rder  of  t h e  s t a r t i n g  coal  
and t h e  r e s u l t a n t  char a re  d i r e c t l y  r e l a t e d  t o  t h e  BET sur face  area (30).  
r e s u l t e d  i n  d i f f e r e n c e s  i n  r e a c t i v i t y  be ing  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  su r face  
area even when t h e  d i f f e r e n c e s  i n  su r face  area a re  too  small t o  account f o r  t h e  
r e a c t i v i t y  d i f f e rences .  I n  t h i s  regard,  we would agree t h a t  t h e  measurement o f  
a c t i v e  su r face  area by oxygen chemisorp t ion  i s  more approp r ia te  (34,35) s ince  t h i s  
measurement i nco rpo ra tes  t h e  reac tan t  a c c e s s i b i l i t y  and a c t i v e  s i t e  concen t ra t i on  
i n t o  one f a c t o r .  However, r e s u l t s  depend on t h e  cond i t i ons  used and may n o t  be 
approp r ia te  f o r  "young" chars  w i t h  a wide d i s t r i b u t i o n  o f  s i t e s  (36) .  

The mo lecu la r  o rde r  i s  determined by several  f a c t o r s  which can be manipu la ted :  1 )  
c r o s s l i n k i n g  by oxygen groups; 2 )  c r o s s l i n k i n g  by ion-exchanged ca t i ons ;  3 )  heat ing  
r a t e ,  e s p e c i a l l y  i n  t h e  case o f  f l u i d  coa ls ;  4 )  p y r o l y s i s  temperature wh ich  causes 
anneal ing o f  t he  organ ic  and minera l  components o f  t he  char and an i nc rease  i n  
order.  The e f f e c t  o f  p reox ida t i on  (37,38) o r  c h l o r i n a t i o n  (13-15,24-29) i n  
i nc reas ing  t h e  r e a c t i v i t y  o f  a h i g h l y  f l u i d  bi tuminous coal  i s  a g raph ic  
i l l u s t r a t i o n  o f  t h e  importance o f  mo lecu la r  order.  Support ing evidence i s  a l so  
prov ided by t h e  s i g n i f i c a n t  d e c l i n e  i n  r e a c t i v i t y  w i t h  i nc reas ing  ex ten t  o f  
p y r o l y s i s  (1-3,13,25,34). 

The l a c k  of importance of C02 o r  N2 su r face  area as an approp r ia te  no rma l i z ing  
parameter i s  supported by t h e  f a c t  t h a t  these o f t e n  inc rease d u r i n g  b u r n o f f  a t  t he  
same t ime  t h a t  t he  observed ne t  r e a c t i v i t y  i s  d e c l i n i n g .  
o f  t he  N2 su r face  area which can inc rease  d r a m a t i c a l l y  a t  very  low l e v e l s  o f  
burno f f  (2 ) .  

The r o l e  o f  hea t ing  r a t e  i s  complex. For h i g h l y  f l u i d  coa ls ,  heat ing  a t  h i g h e r  
r a t e s  would r e s u l t  i n  passing through t h e  p l a s t i c  stage more q u i c k l y  and caus ing  
more v i o l e n t  gas evo lu t i on .  This should reduce t h e  order  i n  the  char. Fo r  
l i g n i t e s ,  i t  has been found t h a t  hea t ing  a t  h i g h  ra tes  causes f l u i d i t y  which i s  no t  
observed a t  low hea t ing  ra tes .  However, we have n o t  found much e f f e c t  o f  hea t ing  
r a t e  on r e a c t i v i t y  o f  l i g n i t e s  un less  they  have been deminera l i zed  o r  heated a t  
very  low r a t e s  as discussed above. Conversely, hea t ing  a f l u i d  coal  a t  very  low 
r a t e s  can d e s t r o y  i t s  f l u i d i t y  (39)  and hea t ing  a p reox id ized f l u i d  coa l  a t  h i g h  
heat ing  r a t e s  can r e s t o r e  i t s  f l u i d i t y  (38) .  

The presence o f  ion-exchanged m ine ra l s  i n  low rank  coa ls  can a f f e c t  r e a c t i v i t y  i n  
t h r e e  d i f f e r e n t  ways. One i s  the  we l l  known e f f e c t  o f  having a h i g h l y  d ispersed 
c a t a l y t i c  substance. 
inc rease t h e  e f f i c i e n c y  o f  c r o s s l i n k i n g  based on t h e i r  s i g n i f i c a n t  impact on t a r  
y i e l d  (40).  
v o l a t i l i t y  o f  t h e  t a r  molecules. There i s  evidence t h a t  m ine ra l s  i n h i b i t  h igh  
temperature g r a p h i t i z a t i o n  o f  t he  char  (32)  b u t  a l s o  evidence which suggests t h a t  
t he  oppos i te  i s  t r u e  (41 ) .  

There i s  some evidence f o r  t h e  e f f e c t  o f  c a t i o n s  on molecu la r  o rde r  f rom 
measurements which we have made on the  r e s i s t i v i t y  and r e a c t i v i t y  of chars  produced 
from raw and deminera l i zed  coa ls  ( 2 ) .  

1)  t h e  molecu la r  o rder  o f  t h e  char  which determines the  a c t i v e  s i t e  

Th is  

Th is  has 

Th is  i s  e s p e c i a l l y  t r u e  

The second i s  the  f a c t  t h a t  t he  ion-exchanged c a t i o n s  may 

O f  course, i t  may a l s o  be t r u e  t h a t  t he  ca t i ons  o n l y  reduce t h e  

I n  t h r e e  cases f o r  Zap l i g n i t e ,  t h e  
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measurements were made from raw deminera l i zed  coa ls  produced under the  same 
cond i t ions .  I n  two o f  t h e  t h r e e  cases the  deminera l i zed  chars had a lower  
r e s i s t i v i t y  which would i n d i c a t e  a h igher  degree o f  o rder ,  even though i t  was shown 
through measurements on the  s t a r t i n g  coa ls  t h a t  t h e  presence o f  t h e  m ine ra l s  d i d  
no t  d i r e c t l y  e f fec t  t he  r e s i s t i v i t y .  
comparable bu t  t h i s  was made f o r  a "young" char. 
even i n e r t  bu t  we l l  d ispersed m ine ra l s  would i n t roduce  some d i so rde r  (32) .  
techniques such as NMR and FT-IR can be used t o  f u r t h e r  address t h i s  quest ion.  

I n  t h e  t h i r d  case the  r e s i s i t i v i t i e s  were 
It i s  t r u e  t h a t  t he  presence O f  

Other. 

CONCLUSIONS 

0 For raw c o a l s  w i t h  g rea te r  than 10% oxygen conten t ,  t h e  r e a c t i v i t y  i S  
determined p r i m a r i l y  by  t h e  amount o f  we l l -d ispersed c a t a l y t i c a l l y  a c t i v e  
minera ls .  

a For deminera l i zed  coa ls  o f  a l l  ranks the  r e a c t i v i t y  i s  determined 
p r i m a r i l y  by the  molecu la r  o rder  and t h e  sur face  area. 

coa ls  i n  a i r ,  t he  f o l l o w i n g  f a c t o r s  r e s u l t  f r o m  d i f f e r e n c e s  i n  minera l  
c a t a l y s t s ,  mo lecu la r  o rder ,  and su r face  area, r e s p e c t i v e l y  (15 /5 /5 ) .  
These are  o n l y  es t imates  which w i l l  change as the  degree o f  p y r o l y s i s  
inc reases  and anneal ing o f  t he  organ ic  and minera l  ma t te r  begins. 

The molecu la r  o rder  can be a f fec ted  by c r o s s l i n k i n g  agents (carboxy l  
groups, c h l o r i n e ) ,  c r o s s l i n k i n g  enhancers (cat !ons),  and impediments t o  
c r y s t a l l i t e  growth (heteroatoms o r  c a t i o n s ) .  

0 The apparent inc rease i n  r e a c t i v i t y  f o r  deminera l l zed  h i g h  rank coa ls  i s  
no t  o n l y  due t o  a phys ica l  e f f e c t  such as sur face  area b u t  a l s o  r e s u l t s  
f rom a decrease i n  mo lecu la r  o rder  due t o  l oss  o f  f l u i d i t y .  
f l u i d i t y  may r e s u l t  f rom t h e  a b i l i t y  o f  res idua l  c h l o r i n e  t o  p a r t i a l l y  
c r o s s l i n k  the  coa l .  
char.  

For  h i g h l y  f l u i d  coa ls ,  t he  r e a c t i v i t y  can be d r a m a t i c a l l y  a f f e c t e d  by 
p r e o x i d a t i o n  o r  r a p i d  heat ing.  The prev ious  exp lana t ion  o f  these we l l  
known e f f e c t s  as p r i m a r i l y  a r e s u l t  o f  increased su r face  area i s  p robab ly  
an overstatement.  The e f f e c t s  on molecu la r  o rder  a re  a l s o  impor tan t .  

0 Out o f  t h e  f a c t o r  o f  380 d i f f e r e n c e  i n  r e a c t i v i t i e s  between the  Argonne 

a 

This l o s s  o f  

The c h l o r i n e  may a l s o  a f f e c t  g r a p h i t i z a t i o n  o f  t he  

0 
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Figure 1. Variation of Reactivity with Coal Oxygen 
Content for Raw and Demineralized Argonne Coals. 
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Figure 2. Correlation Between COa and Air 
Reactivity Parameters for Exxon Coals. 
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Figure 3. Weight Percent Calcium as a Function 
of Oxygen in Coal for Exxon Coals. 
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Figure 7. Comparison of Reactivity vs. Hydrogen Content of Chars from 
Demineralized Zap Lignite (data) with Average Reactivity of Chars from 
Raw Zap Lignite (solid line) and Average Reactivity of Chars from Two 
Bituminous Coals (dashed line). The Lignite was Demineralized using 
the Bishop and Ward (9) Procedure. The Chars were Prepared by Rapid 
Heating (-lO,OOO"C/s) in an Entrained Flow Reactor (EFR) o r  Slow Heating 
(30"C!min) in a TGA. 

Table 2 

Reactivity Measurements on Chars Produced at Different Heating Rates 

................................................................................................................................................................................. ....................... 
81 #2 #3 4 

T y O  T,(W T&O T0CO 
North Dakota HCL, HF Pittsburgh Seam Montana Rosebud 

te (Zap) Lignite Chars Demineralized Zap Chars #8 Chars Chars ...................................................................................................................................................................... 
2OO"CImin 397,404 553 542,543 484,477 

30°C/min 402,408 552 556,559 483,493 

1"CImin 425 
................................................................................................. 

21 


